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ABSTRACT 273 é?’
The wall surface temperature behind a2 moving shock wave
is determined experimentally and theoretically. The non-
stationary boundary layer equations are solved for a plate,
for constant flux behind the shock wave. Experiment and theory

agree to within the experimental accuracy (t 10-15%).

A theoretical and experimental investigation of wall surface tem— [112%
perature behind a shock wave moving at a constant velocity is presented.

The wall surface temperature is determined from the equation of heat
balance (radiant heat exchange is not taken into account) under the condition
that the temperature of the gas and the wall are the same on the surface.

In order to compute the convective thermal flux, the equations of a non-
stationary boundary layer of a compressible gas are solved for a plate, when
the flux velocity behind the shock wave Uxn is constant. The thermal flux at
the wall is found by solving the thermal conductivity equation.

As follows from (Ref. 1), the boundary layer in the region behind the
shock wave will be stationary, under the assumption that the wall temperature
is constant. The latter statement is verified in (Ref. 2), and it will also
be verified by the statements which follow, if it is assumed that the flux

composition does not change behind the moving shock wave.

* Note: Numbers in the margin indicate pagination in the original foreign
text.



In view of the large range over which the temperatures change in the boun-
dary layer, allowance must be made for the deviation of the viscosity law from
the usually accepted law up = const, for the variability of the Prandtl number
G = ucp/k with temperature, and also for the phenomenon of diffusion. We should
point out that the phenomenon of diffusion has no significant influence on the
thermal flux for the case considered below, due to the fact that the Prandtl
diffusion number is close to one and that the concentration gradient is small in
the boundary layer region close to the wall (lower wall temperatures).

The following may be used as the initial system of equations for solving

this problem:
g (u) g" (w) = — uf (i)

[ai"' (")]"f'g'(u)(i—1>i'(u)+c=-.0 Iy {C) (1)

g\ %

This is obtained from the equation for a laminar, stationary (in the system of
coordinates related to the shock wave) boundary layer in the Crocco form for the

dimensionless wvalues:

= . i ( e )
U= 'r—-pm ' z—-im “=u s X (z) g (u)
z=z.p®U' f=,_u:9‘_ c_.__.E. s
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for the following boundary conditions:

g (u) =0, i== iy for u=1; )
' Uy (2)
g (u) =0, i=1 for u=4{— 5~

U
Here u® is an arbitrary velocity component; U - the shock wave velocity; 1° -
friction stress (Ref. 3); 72° = 7°(u) - enthalpy (Ref. 3); u°®, p° - viscosity
and density, respectively.

The index « is used to designate the parameters on the outer boundary of

the boimdary layer.




The solution of system (1) by the successive approximation method assumes

the following form
Uy

o (u) = — S du;% L%'.)—(f)-iuau, i@ =1—coli(uu") 4 ey (u, ) (3)
u* 1

where 7y and 1) represent the exact solutions of the boundary layer equation

in the case of 0 = 1 and f = const = 1

. o, “ " u
Ww=l—F Ji(u,u) “'S 8" i Sll_‘d“. Is (uy u’) o= S .
: b

u* u*

Thus, the expression for the convective thermal flux may be written as fol-

lows

e [T VT
whore [ B
ipy— 1 4coli (1, )
== Jy (1, &) -
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In order to compute the functions gg(u) and gg“(u), whose form is given in

Figure 1, we may employ the following formulas

o0 ==V @ W= 0® - (5)
u=1—0r ) |

The values of the functions ®3(E) and ®p"(£), are given in Table 1; the values
of the function 3g37(£) are tabulated in (Ref. 1).

We should note that the functions ¢3(§) depend on &;"(0) which determines
the parameter U_/U.

Formula (4) for convective thermal flux at a certain point on the wall sur-
face may be written as follows:

qw (8) =

(6)

She

where the time t is computed from the moment the shock wave arrives at this

point.
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Figure 1
1- 5(0) =0.3; 2- &5(0) = 0.4; 3 — @g(0) = 0.42.
The form of the latter formula substantiates the assumption regarding the

wniform temperature of the wall surface, since the thermal flux at the wall (as-

sumed to be a semi-limited space) changes according to a similar law:

o M (T — Typm)
fw (t) J'W (7)

where A, ag, Twg are the coefficients of thermal conductivity and temperature
conductivity of the wall material, and the initial temperature of the wall sur-
face, respectively.

The following equation is obtained from (6) and (7) in order to determine

the wall surface temperature T, at the moment the shock wave passes:

Tw—Tw=Y32q (®
orxr
M gWelgm) ™
? O = AV rare - Voo, =4

In view of the smallness of the temperature jump T, - T, and the slight
dependence of Q on Ty, the value of A may be computed according to the tempera-
ture Typ. When necessary, the value of Q may be readily determined more
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1- up # const, 6 =0.72; 2- up # const: o =1
accurately on the basis of the value found for Ty.
Figure 2 presents a graph showing the dependence of ¢(U) on the shock wave

velocity U calculated for 93"(0) = 0.3, 0.4, 0.42 in the case of the power law
e’ ( iy
BooPog ioo)

for the value of n = 0.75, which is usually assumed.

of viscosity

The deviation of this viscosity law from the existing data on viscosity

for air in a large temperature range of 0 - 6000°C is 4%.
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1- Tpe = 300°K; 2- Tyo = 400°K; 3- Tyg = 600°K, x - Experiment Results
0 w0
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Certain computational results for Ty = 300, 400 and 600°K and o = 0.72 are

shown in Figure 3. The study (Ref. 4) presents the extrapolation formula

_Vj——'_("i)— = L O) ;—tus+o.0mV) _ o 489 YT T 1.6657 ()"

i— ip
which was verified for 0 = 1. Figure 2 presents the dependence

— g 0.022V—0.52 i o Vool | 0.39—0. —
P (U)=0y [1—- +~——2°l°e cw"”'“”"] 0.489 /1 + 1.665V ¢, o8 I/.;T' (9)

le



obtained by recalculating the formulas in (Ref. 4) in accordance with formula

(8) for the viscosity law in the following form

o= WP 1.5481 _ 0.5481 +
Boofoo i Viliy
&4\ _ 575108 (L —1\?
+0.0028< 1) 5.74-10 (i* 1) ;

iw

where 7 is statistical enthalpy, and He is damping enthalpy.

A comparison of the two curves shown in Figure 2 shows that the difference

in the solutions does not exceed 5 - 9Z.

Figure 4.

Resistance Thermometer
(Recorder)

The temperature of the wall surface was measured by film resistance /115
thermometers.

The recorder is shown in Figure 4. A metallic, or semiconducting film is
its sensitive element (nickel, stannic oxide, etc.) with dimensions of 1 x 5mm;
this is located on a cylindrical base made of molybdenum glass.

The thickness of the metallic films is 0.1 - 0.5 microns; the films made



TABLE 1

: 114
o7 (0) =0.42
13 @, mu 0. H 3 | o, ! 0. Oa

0 0.0000 0.0000 | 0.4200 3.9 2.2283 0.8725 0.0474
0.1] 0.0021 0.0420 | 0.4190 4.0 2.3158 0.8771 0.0437
0.2] 0.0034 0.0837 | 0.4159 4.2 2.4919 0.8858 0.0367
0.3]  0.0188 0.1254 0.4110 4.4 2.6697 0.8927 0.0309
0.4] 0.0330 0.1660 | 0.4046 4.5 2.8488 0.8984% 0.0259
0.5] 0.0512 0.2061 0.3966 4.8 3.0289 0.9032 0.0217
0.6] 0.0734 0.2454 | 0,3871 5.0 3.2099 0.9072 0.0182
0.7] 0.0995 0.2837 | 0.3765 5.2 3.3917 0.9106 0.0152
0.8] 0.1293 0.3209 | 0.3648 5.4 3.5741 0.9134 0.0126
0.9| 0.1629 0.3569 | 0.3522 5.6 3.7570 0.9157 0.0105
1.0/ 0.1999 0.3916 | 0.3390 5.8 3.9403 0.9176 0.0087
1.2 0.2843 0.4569 | 0.3112 6.0 4.1239 0.9192 0.0072 |
1.4] 0.3811 |- 0.5166 | 0.2825 6.2 4.3079 0.9206 0.0060 |
1.6 0.479% | 0.5705 | 0.2539 6.4 4.4921 0-9217 0.0049
1.8/ 0.5979 | 0.6487 | 0.2260 6.6 4.6765 0.9226 .0.0041
2.0/ 0.7256 0.6615 | 0.1997 7.02 | 5.0643 0.9240 0.0026
2.1 0.79%0 0.6810 | 0.1872 7.22 | 5.2491 0.9244 0.0021
2.2] 0.8628 0.6992 | 0.1753 7.42 | 5.4341 0.9248 0.0017
2.3] 0.9334 0.7163 | 0.1638 7.62 | 5.619 0.9252 0.0014
2.4| 1.0058 0.7344 | 0.1529 7.82 | 5.8041 0.9254 0.0012
2.5 1.0799 0.7491 0.1424 8.1 6.0633 0.9257 0

2.6 1.1553 0.7627 | 0.1325 8.22 | 6.1744 0.9258 0.0008
2.7 1.2321 0.7756 | 0.1231 8.46 | 6.3966 0.9260 0.0006
2.8 1.8102 0.7878 | 0.1143 8.62 | 6.5447 0.9261 0.0005
2.9] 1.3894% 0.7986 - | 0.1060 8.86 | 8.7670 0.9262 0.0004
3.0] 1.4697 0.8089 | 0.0982 9.1 6.9893 | 0.9263 0.0003
3.1| 1.5509 0.8184 | 0.0908 9.26 | 7.1375 0.9263 0.0002
3.2| 1.6331 0.8273 | 0.0840 9.66 | 7.5081 0.9264 0.0002
3.3] 1.7162 0.8354 | 0,0776 9.82 | 7.6563 0.9264 0.0001
3.4| 1.8000 0.8429 0.0716 | 10.06 | 7.8786 0.9265 0.0001
3.5  1.8846 0.8498 | 0.0660 | 10.30 | 8.1010 0.9265 0.0001
3.6] 1.9699 0.8562 | 0.0608 | 10.62 | 8.3974 |  0.9265 0.0004
3.7 2.0557 0.8621 0.0560 § 10.70 | B8.4772 0.9265 0.0000
3.8] 2.1414 0.8675 0.0546 j 10.94 | 8.6939 0.9265 0.0000

of stannic oxide are not as thick.

The initial film resistance is 10 - 1000 ohms for the different materials.
The recorder is located flush with the wall surface, and is oriented lengthwise
across the flux. (The influence of the ionized gas stream upon the film was

taken into account during the experiments).
The signal Au = IRgaAT was produced at the recorder during the thermal
interaction on the film, where I is the recorder power current, Ry — initial

recorder resistance, and o - temperature coefficient of the film material re-

sistance.



Block Diagram of Measurements.
1- Plate; 2- Resistance Thermometer; 3- Recorder Power System;
4— Power Supply; 5- Ammeter; 6~ Instrument Multiplier; 7- Wide
Band Preamplifier; 8- OK-17M Oscillograph; 9- Camera; 10- Star-

ting Recorder; 11- Trigger Circuit.
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Figure 6

a— Pressure Before the Jump p = 1 mm Hg; b- Pressure before the

Jump p = 10 mm Hg. (1) -~ msec.

The value of a was determined from the dependence R = f(T), recorded in
the thermostat for each recorder.

An electronic oscillograph was employed to record the signal from the

8




TABLE 2

@, (0)=0.3

E @, D, u E l @, D, 13 @, D"
0 0.0000 | 0.3000 | 4.41 | 0.2749 | 0.1957 | 3.6t | 4.3896 | 0.0294
0.1 0.0045 | 0.2992 | 1.51 | 0.3126 | 0.1846 | 3.8 | 1.5068 | 0.0234
0.2 | 0.0060 | 0.9263 h 1.61 | 0.3522 | 0.4736 | 4.00 | 1.6191 | 0.0187
0.3 | 0.0134 | 0.2835 § 1.71 | 0.3935 | 0.1629 | 4.40 | 1.8575 | 0.0114
0.4 | 0.0238 { 0.2887 § 1.81 | 0.4453 | 0.1502 } 5.20 | 2.3400 | 0.0038 -
0.5 | 0.0371 | 0.2826°% 1.91° | 0.4810 | 0.1420 | 5.60 | 2.5821 | 0.0024
0.6 | 0.0532 | 0.2756 | 2.01 | 0.5270 | 0,1320 | 6.00 | 2.8245 | ©0.0011
0.7 0.0724 | 0.2676 | 2.21 | 0.6229 | 0.1131 § 6.20 | 2.9458 | 0.0008
0.8 | 0.0936 | 0.2589 | 2.41 | 0.7233 | 0.0960 { 6.40 | 3.0671 | 0.0006
0.9 | 0.1178 | 0.2494 | 2.61 | 0.8277 | 0.0806 | 6.60 | 3.1885 | 0.0004
1.0 | 0.4444 | 0.2394 | 2.81 | 0.9353 | 0.0670 | 6.80 | 3.3098 | 0.0003
1.41 | 0.4741 | 0.2286 | 3.0t | 1.0465 | 0.0552 | 7.00 | 3.4312 | 0.0002
1.24 | 0.2055 | 0.2178 || 3.21 | 1.1591 | 0.0452 | 7.04 | 3.4555 | 0.0002
1.31 | 0.2301 | 0.2068 | 3.4 | 1.2736 | 0.0366 | 7.2 | 3.5040 | 0.000%

7.16 0.0000

@, (0)=0.4

4 o, o R 13 ) @, o, N 4 o, o,
0 0.0000 | 0.4000 1.7 | 0.5212 | 0.2272 | 4.4 | 2.5491 | 0.0282
0.4 | 0.0344 | 0.3853 1.8 | 0.5787 | 0.2139 | 4.8 | 2.8904 | 0.0192
0.5 | 0.0488 | 0.3776 1.9 | 0.6384 | 0.2010 § 5.2 | 3.2350 | 0.0129
0.6 | 0.0699 | 0.3686 2.0 | 07002 | 0.1934 | 5.6 3.5818 | 0.0086 |
0.7 | 0.0947 | 0.3584 2.2 | 0.8294 | 0.1691 6.4 4.2792 | 0.0037 |
0.8 | 0.1232 | 0.347: . 2.4 | 0.9655 | 0.1469 | 6.8 4.6289 | 0.002% !
0.9 | 0.4551 | 0.°~". , 2.6 ' 1.1076 | 0.4268 | 7.2 | 4.9790 | 0.0015> |
1.0 | 0.1904 | 0.5224 2.8 | 1.2547 { 0.1088 | 7.6 5.3294 | 0.0009
1.4 | 0.2290 | 0.3097 3.0 1.4063 | 0.0958 | 8.0 5.6800 | 0.0006
1.2 | 0.2707 | 0.2961 3.2 1.5619 | 0.0815 | 8.4 6.0306 | 0.0004
1.3 | 0.3154 | 0.2823 3.4 1.7207 | 0.0689 ! 8.8 | 6.4164 | 0.0002
1.4 | 0.3629 | 0.2684 3.6 1.8824 | 0.0581 || 9.0 | 6.5567 | 0.0002
1.5 | 0.4131 | 0.2545 3.8 | 2.0464 | 0.0488 | 9.2 6.7321 | 0.0004
1-6 | 0.4659 | 0.2407 4.0 | 2.2124 | 0.0408 | 9.3 | 6.8198 | 0.000%

9.4 | 6.9075 | 0.0000

recorder. TFigure 5 shows a diagram of the measurements. Characteristic os-
cillograms of the wall temperature measurement with time are shown in Figure 6.
The results derived from processing these measurements are plotted in Figure 3
with the compﬁtational results. The experimental points were obtained for the
values of AT, corresponding to the time at which a flux with constant tempera-
ture (section AB) passed. The temperature increase in the initial section

(1 - 5 microseconds), which had an influence upon the subsequent pattern of the
curve, is apparently related both to the nonequilibrium phenomena behind the

9
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" shock wave and to the transitional processes of the measurement apparatus.

The deviation of the experimental points from the computed curve

is ¥ (10-15%), which comprises the accuracy of the experimental measure-

ments.

Received May 26, 1960
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